Morphological analysis of nanocomposites of polyethylene glycol (PEG) based polyurethanes (TPU) and polyhedral oligomeric silsesquioxanes (POSS) were performed using different techniques (transmission electron microscopy, small and wide X-ray scattering, differential scanning calorimetry) as a function of molecular weight of PEG and the PEG/POSS mole ratio. A strong interdependence in crystallisation behaviour between the two crystals species, i.e. the POSS nanocrystals about 5 nm in size and the crystals in the semicrystalline soft phase of TPU, were found. The mechanical properties (Vickers hardness under load and elastic modulus) determined using recording microindentation techniques at room temperature were significantly improved by POSS for two material formulations. Based on the results of polymethylmethacrylate (PMMA)/silica (SiO 2 ) nanocomposites containing up to 20 wt.-% well-dispersed spherical silica nanoparticles, it has been shown that the indentation fracture mechanics is a straightforward, costand time-effective, powerful tool to analyse the fracture resistance for the novel polymer materials, such as brittle nanostructured polymer-ceramic hybrids.
Introduction
Hardness testing methods have become one of the most popular tools in mechanical testing because of their relatively straightforward, fast and sufficiently repeatable performance. Besides, hardly any timeconsuming specimen preparation is required. Another advantage is that the indenter only generates a very small impression due to its small indentation depth. Consequently, the hardness testing works generally in a quasi non-destructive manner, which provides the opportunity to test very small components and thin layers, for which only little information about the mechanical properties can be obtained otherwise. It has to been emphasised, furthermore, that statistically firm correlations between hardness and other mechanical properties, such as the yield stress or the abrasion resistance, exist, at least within one and the same materials group (Grellmann & Seidler 2007 , Herrmann 2007 , Balta et al. 2000 , Koch 2005 .
For the currently used standardised hardness testing procedures (Table 1) , a hard indenter is often pressed in the surface of the sample. As a result, a triaxial (hydrostatic) state of stress is formed inside the sample below the indenter. These testing methods, which are each suitable for specified materials groups and fields of application, differ, in principle, in the form of the indenter (pyramid, cone, ball, etc.) , the material of the indenter (steel, hard metal, diamond), the level of loading (up to 30 kN; macro, low-load, micro and nano range), the type of loading (slow = static, impact-like = dynamic) and the method of measuring (under load, after unloading) from each other. The hardness values obtained, which are strongly dependent on the testing procedure and conditions (these information has to be specified in the testing protocol), cannot or only very hardly be converted into each other with just a few exceptions. However, recent trend of materials testing based on a small number of universal methods can be recognized (Grellmann & Seidler 2007 , Herrmann 2007 , Balta et al. Calleja & Fakirov 2000 , Koch 2005 , VDI/VDE 2000a , VDI/VDE 2000b . 
Dynamic Plastic Methods
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Measuring of the energy (= Rebound hardness):
Indentation depth:
• Vickers under load (Table 2 ).
Recent trends in materials research, process optimization and component development using nanostructured polymers such as block copolymers and polymer nanocomposites, which are often only available with small volume of samples, demand advanced testing procedures. In this context, modern indentation methods are very advantageous compared with other approaches for characterising the mechanical performance and the fracture safety of these materials, structures and components.
Methodology
Materials and sample preparation TPU/POSS nanocomposites
In this study, TPU/POSS nanocomposite materials (TPU -thermoplastic polyurethane, POSS -polyhedral oligomeric silsesquioxanes) have been investigated where the average molecular weight M w of polyethylene glycol (PEG) was varied from 10 to 35 kg/mol and the PEG/POSS mole ratio from 3 to 12. Some information about material preparation, molecular architecture and morphological design of a similar system are discussed in the literature (Wu et al. 2004) . The samples were prepared in plate-like form having a thickness of about 0.35 mm.
Different microphase separation processes during sample preparation result in the observed microstructure where the TPU matrix is formed from hard ((35-50 nm in length and 10-15 nm in width, measured using transmission electron microscopy TEM) and soft phase domains; and POSS forms small crystalline aggregates only 5 nm in size (TEM)) which are relatively dispersed homogenously inside the hard phase (Fig. 1a) . The hard phase and surrounding soft phase zones are locally ordered with a long period of 30-35 nm (as measured by TEM) or 31 nm (as measured by small-angle X-ray scattering SAXS, not shown), respectively. In the wide-angle X-ray scattering (WAXS) diagrams (not shown) several Bragg reflexes can be clearly indicated, which result from the coexistence of two different crystal species in the PEG/ POSS thermoplastic polyurethanes: the POSS crystallites having a rhombohedral (or equivalent hexagonal) unit cell with a less perfect crystalline structure and the PEG crystallites in the semicrystalline soft phase. From differential scanning calorimetry (DSC, not shown) it has been found that both POSS and PEG are hindering each other to crystallise (detailed information about the structure of the TPU/ POSS nanocomposites is discussed in the literature (Lach et al. 2010) .
PMMA/SiO 2 nanocomposites
The materials used in the form of solution-cast plates of about 3 mm thickness with a maximum edge length of 40 mm were polymethyl methacrylate (PMMA)/SiO 2 nanocomposites with 0-20 wt.-% SiO 2 . The composites were prepared using solution blending technique by Roehm GmbH & Co. KG as described in the literature (Caretenute et al. 1995) . The nanoparticles, 26 nm in average size (quantitatively analysed from TEM micrographs, Fig. 1b) , were uniformly dispersed in the PMMA matrix without any evidence of agglomerates. As a consequence, the nanocomposites revealed excellent optical properties up to 20 wt.-% of filler loading. The interparticle distance (ID) was computed to be 32 nm and 19 nm for the composites comprising 10 wt.-% and 20 wt.-% of SiO 2 nanoparticles Lach et al. 2006) .
Equipment and methods
Hardness measurement
The hardness and the elastic properties of all nanocomposites were determined by a recording microhardness tester (Fischerscope H 100C XYp) equipped with a Vickers diamond indenter at room temperature. Load (F) versus indentation depth (h) diagrams were measured at different locations on the samples up to a maximum load F max of 1 N with a constant small loading rate of 50 mN/s similar to the unloading rate.
For small values of the indentation depth h < 6 µm (i.e., micro range of load, F < 2 N), the Martens hardness HM defined in ISO 14577-1 (ISO Standard 2002) has to be corrected due to the erroneous indenter-tip configuration, i.e., the tip is never infinitely sharp but blunt in the micro or nano scale and the triangle faces of the Vickers pyramid do not converge to one point but form a small edge. Furthermore, the indenter tip acts as stress concentrator for the material below the tip especially for small indentation depths which results in increasing hardness for decreasing indentation depth. This has to be considered by a calibration procedure based on investigations of standard materials such as silicon, PMMA or polypropylene.
The above technique of indenter size correction and hardness calibration strongly depends on the quality of the determination of the calibration factor and is difficult to handle for layered structures. Therefore, another methods, to measure the hardness in the micro and nano range with high accuracy and also to be available on materials having a soft surface layer, will be introduced here which are more comfortable than the widely used calibration procedure. Based on the experimental observation, that Meyer's exponent is close to 2, a second-order Taylor series approximation for the load, F(h) = F 2 + F 1 = a 2 h 2 + a 1 h (F in N, h in mm), can be used considering defects of the indenter and unavoidable stress concentrations in the material (Fröhlich et al. 1977) , where a 1 and a 2 are parameters of the Taylor series. Now, the so-called Vickers hardness under load, L 2 VH = a 2 /26.43, can be easily derived, which is identical to HM in the macro range of load for homogeneous and isotropic materials.
Elastic properties, i.e., the values of the indentation modulus E/(1-ν 2 ) were determined by the procedure described in ISO 14577-1. For the TPU/POSS nanocomposites, the Poisson's ratio ν is found to be ranging close to ν = 0.35.
Indentation fracture mechanics
As shown in some investigations on polymer materials (mostly homopolymers) cracks formed in the vicinity of hardness impressions can be analysed within the scope of indentation fracture mechanics and can be used to determine the fracture toughness of these materials (Koch 2005 , Lach et al. 2007 , 2006 . Based on a theoretical equation (Munz & Fett 1999) found for the stress intensity factor K I for cracks near a Vickers impression, altogether 19 approaches of indentation fracture mechanics have been developed which are applicable either for semielliptical or Palmqvist cracks or for both under specific conditions (Table 3 ; Lach et al. 2007 , Ponton & Rawlings 1989 . In this paper, the approach of Laugier (1987) for Palmqvist cracks configuration was used, implying Eq. (1) to determine the stress intensity factor:
Here, E is the modulus of elasticity (in MPa), HV the Vickers hardness for polymers (in N/mm 2 ), a the half length of the impression diagonal (in mm) and c the radial crack length (in mm).
For glassy polymers such as PMMA und polystyrene (PS), it has been demonstrated that the Eq. (1) is not only of particular importance for ceramics (Laugier 1987) but also for brittle polymers (Lach et al. 2007 , Koch 2005 , Lach et al. 2009 , Schöne et al 2011 , O'Brien & Parquette 2012 ) and other brittle organic substances (Lach et al. 2009 ). Indentation fracture mechanics approaches were not only successfully applied on PMMA based nanocomposites (this study) but also on other brittle thermoplastic nanocomposites such as PS/Al 2 O 3 and PS/AlOOH nanocomposites (using Al 2 O 3 nanorods and AlOOH nanorods; see Lach et al. 2009 ). Lach et al. 2007 analysed the fracture toughness K Ic (critical stress intensity factor) of two homopolymers (PMMA and PS) based both on the indentation fracture mechanics approach used in this study and a conventional technique applying singleedge-notched bend (SENB) specimens under fourpoint bending loading. Within the scatter of the data they found the same K Ic values independently of the methods used as it has been already shown for ceramics by Laugier (1987) .
Results and Discussion
Mechanical properties of TPU/POSS nanocomposites
For materials with hard bulk inside and soft surface layers or in the case of high surface roughness the original procedure without calibration to determine the hardness (HM) leads to misleading results as shown in Fig. 2a . HM at maximum load varies over one order of magnitude between 4 N/mm 2 and 23 N/mm 2 depending on the position on the plate due to position-dependent "soft layer" ranging from 20 µm to 80 µm. In contrast, L 2 VH clearly shows the bulksoft layer structure which results from the preparation procedure of TPU/POSS with L 2 VH = 27±5 N/mm 2 for the bulk material (Fig. 2b) . The reasons given by Fu et al. (2000) to explain the increase in elastic modulus as a function of POSS fraction cannot be confirmed by the results of the present study. They believe that, besides possible miscibility effects on stiffness caused by POSS modification, the POSS molecules attached to the hard segments or the POSS nanocrystals formed at high POSS fraction enhance the stiffness of the modified domains at the molecular or nanoscopic level, respectively. As a result, the macroscopic modulus is increased too. But the mechanical properties of most nanocomposites used here, except for two, are both independent on POSS fraction in principle and not influenced by the crystallinity of POSS. Thus, the reasons underlying an enhancement of the properties may be more complex. One can speculate about formation of a secondary POSS-polymer network, but a single reason why POSS is able to strengthen these materials as observed cannot be given now. Due to controversial results in this work and one by Fu et al. (2000) , further investigations are essential in future to understand the relationships between mechanical properties and the microstructure of TPU/POSS nanocomposites in more detail. Fracture behaviour of PMMA/SiO 2 nanocomposites In contrast to pure PMMA, the R-curve effect, enhancement in crack resistance (R) as a function of crack size (Lach et al. 2006) , was not observed in the nanocomposites investigated. The fracture toughness K Ic was found to be dependent on the content of SiO 2 nanoparticles, of which maximum value was observed at 10 wt.-% (Fig. 4) . A significant reduction in fracture toughness occurred at 20 wt.-% SiO 2 nanoparticles, which is associated with a percolation of the bound layers (interfacial layers) around the SiO 2 particles. From DSC data, the thickness of the interfacial polymer layer was estimated to be about 9 nm (for more information see Lach et al. 2006) which is in the order of radius of gyration of the molecules (Katsikis 2008) .
In situ mechanical investigations of thin films using transmission electron microscopy (not shown) confirm the semiductile-to-brittle transition.
Compared to the fracture toughness, both the hardness (HM & HV) and indentation modulus E linearly increase as the SiO 2 loading in the composite increases (Fig. 4) .
